Inflammatory phenomena seem to contribute to the occurrence of perinatal cerebral white matter damage and CP. The stimulus that initiates the inflammation remains obscure. One thousand two hundred forty-six infants born before the 28th postmenstrual week had a protocol ultrasound scan of the brain read concordantly by two independent sonologists. Eight hundred ninety-nine of the children had a neurologic examination at approximately 24-mo postterm equivalent. The placenta of each child had been biopsied under sterile conditions and later cultured. Histologic slides of the placenta were examined specifically for this study. Recovery of a single microorganism predicted an echolucent lesion, whereas polymicrobial cultures and recovery of skin flora predicted both ventriculomegaly and an echolucent lesion. Diparetic CP was predicted by recovery of a single microorganism, multiple organisms, and skin flora. Histologic inflammation predicted ventriculomegaly and diparetic CP. The risk of ventriculomegaly associated with organism recovery was heightened when accompanied by histologic inflammation, but the risk of diparetic CP was not. Low-virulence microorganisms isolated from the placenta, including common skin microflora, predict ultrasound lesions of the brain and diparetic CP in the very preterm infant. Organism recovery does not seem to be needed for placenta inflammation to predict diparetic CP. (Pediatr Res 67: 95-101, 2010)
I
nfants born long before term are at increased risk of motor, attention, cognitive, and executive function impairments (1) (2) (3) . Some of the increased risk seems to be caused by cerebral white matter damage evident on brain ultrasound scans (4) . The damage takes two forms-an echolucent (hypoechoic) lesion (also known as periventricular leukomalacia), considered evidence of focal or multifocal disease, and late ventriculomegaly, considered evidence of diffuse white matter damage.
Postnatal bacteremia seems to contribute to the occurrence of diffuse white matter damage (5-7) and later neurodevelopmental disabilities (7) (8) (9) . Because preterm newborns who die with white matter damage very rarely have a microorganism in the brain (10) , a circulating, noninfectious messenger originating at the site of microorganism colonization that can then gain access to the brain might account for the brain damage associated with bacteremia (11) .
Might a similar process occur before birth? Introducing Escherichia coli into the uterus late in gestation increases the likelihood of white matter damage in the fetal rabbit (12, 13) and rat (14, 15) , although E. coli are not present in the brain. Introduction of noninfectious endotoxin (lipopolysaccharide) can also produce fetal white matter damage (16 -18) . Thus, an inflammationpromoting stimulus in the uterus can, without infecting the fetal brain, promote processes that lead to brain damage.
Intrauterine inflammatory processes also seem to increase the risk of white matter damage and CP in the human infant born very preterm (19, 20) . Only indirect evidence supports the hypothesis that microorganisms isolated from the uterus increase the risk of white matter damage in extremely preterm infants (21) (22) (23) (24) (25) . We now provide direct support.
METHODS
Additional details about the methods can be found in supplementary material (http://links.lww.com/PDR/A52). The Extremely Low Gestational Age Newborn (ELGAN) study was designed to identify characteristics and exposures that increase the risk of structural and functional neurologic disorders in ELGANs. During the years 2002 to 2004, 1249 mothers who gave birth to 1506 infants before the 28th week (1007 singletons, 414 twins, 77 triplets, two quadruplets, and six sextuplets) consented to participate (Fig. 1) . The informed consent procedures and documents were approved by all 14 institutions that enrolled families for this study.
The sample for the brain ultrasound component of this report consists of the 1246 infants (83%) whose placenta was biopsied under sterile conditions for cultures and submitted for histologic evaluation and who had one or more sets of protocol ultrasound scans of the brain read concordantly by two independent sonologists. The sample for the CP component is limited to the 899 children (88% of 1022 survivors) who also had a neurologic examination at 24-mo post-term equivalent.
The gestational age estimates were based on a hierarchy of the quality of available information. Most desirable were estimates based on the dates of embryo retrieval or intrauterine insemination or fetal ultrasound before the 14th week (62%). When these were not available, reliance was placed sequentially on a fetal ultrasound at 14 or more weeks (29%), the first day of the last menstrual period (7%), and gestational age recorded in the log of the neonatal intensive care unit (1%).
Protocol scans. Ultrasound studies included six standard quasicoronal views and five sagittal views using the anterior fontanel as the sonographic window (26) . The three sets of protocol scans were defined by the postnatal day on which they were obtained (1: days 1 to 4; 2: days 5 to 14; 3: day 15 to wk 40). Details about the procedure and observer variability minimization efforts are presented elsewhere (27) .
Placentas. The microbiologic procedures are described in detail elsewhere (28) , as are details about histologic procedures (29) .
24-mo developmental assessment. Procedures to standardize the neurologic examination and minimize examiner variability are presented elsewhere (30) . The topographic diagnosis of CP (quadriparesis, diparesis, or hemiparesis) was based on an algorithm using these data (31) .
Data analysis. We evaluated the following generalized null hypotheses: 1) the risk of an ultrasound lesion of the brain or a CP diagnosis is not associated with the recovery of microorganisms from placenta parenchyma; 2) the risk of an ultrasound lesion of the brain or a CP diagnosis is not associated with any histologic lesion of the placenta; and 3) microorganisms need not elicit histologic inflammation of the placenta to predict an abnormality on an ultrasound scan of the brain or a CP diagnosis.
In both the ultrasound-assessed sample (n ϭ 1246) and in the developmentally assessed sample (n ϭ 899), placentas delivered vaginally were more likely than placentas delivered by cesarean section to harbor a microorganism. Consequently, we evaluated our hypotheses first in the entire sample (Table  1) , and then, in the subsamples of vaginal and cesarean section deliveries (Table 2 for ultrasound lesions and Table 3 for CP diagnoses).
Because ultrasound characteristics tended to occur together, we compared the placentas of infants whose ultrasound scans had a lesion to those of the 975 infants whose scans showed no abnormality. We created multivariable models to identify the contribution of relevant characteristics and exposures to the outcome of interest. Their contributions are presented as risk ratios with 95% CI. The only potential cofounders that modified the risk ratios were categories of gestational age (23-24, 25-26, 27 wk). Therefore, we adjusted for these variables only.
Because the CP diagnoses are mutually exclusive and each is appropriately compared with the same group of children without any CP diagnosis, we used multinomial logistic regression for analyses, presented in Tables 2 and 4 . The logistic regression analyses for Table 5 , however, are not multinomial, because the comparison group for each diagnosis consists of children whose placenta neither harbored an organism nor had histologic inflammation.
RESULTS

Placenta microbiology.
Infants whose placenta harbored an aerobe or an anaerobe were at increased risk of ventriculomegaly, as were infants whose placenta harbored more than one organism or an organism considered part of normal skin flora (Table 1) . Similar to ventriculomegaly, an echolucent lesion was associated with recovery of an aerobe, multiple organisms, and an organism considered part of normal skin flora. In contrast to ventriculomegaly, however, an echolucent lesion was associated with single organism cultures but not with recovery of an anaerobe.
Generally, vaginal and cesarean section subsamples provided similar information about associations between bacteria recovered from the placenta and ventriculomegaly (Table 2) . On the other hand, much of the association between recovery of bacteria and an echolucent lesion in the cerebral white matter reflects the contribution of the cesarean section subsample. Statistical insignificance in the subsamples and significance in the total sample is a consequence of the consistent direction of the ORs in the subsamples and of the larger size of the total sample.
The only individual organism associated with increased risk of ventriculomegaly in infants delivered vaginally and in those delivered by cesarean section was Actinomyces species (Table  S1 ; supplementary material, http://links.lww.com/PDR/A52). Only in infants delivered vaginally was Corynebacterium sp associated with an increased risk of ventriculomegaly. In contrast, an echolucent lesion was associated with recovery of Pro- pionibacterium sp, nonaureus Staphylococcus sp, and Gardnerella vaginalis, but only in the cesarean section subsample (Table S2 ; supplementary material, http://links.lww.com/PDR/A52). In the total sample, the risk of quadriparesis was increased if an anaerobe or multiple organisms were recovered from the placenta ( Table 1 ). The odds of diparesis, on the other hand, were increased if the placenta harbored an aerobe, a single organism, multiple organisms, or an organism considered part of normal skin flora. Hemiplegic CP was not associated with any organism.
The vaginal subsample contributed appreciably to the associations seen in the total sample for quadriparetic and diparetic CP (Table 3 ). In the cesarean section delivered subsample, the association between quadriparetic CP and an anaerobe was hardly evident, whereas the association between quadriparetic CP and polymicrobial infections was less prominent than in the vaginal subsample. In contrast, cesarean section delivered placentas provided much of the information about the increased risk of diparesis associated with Mycoplasma sp and polymicrobial infections, and none of the information about an increased risk associated with skin organisms.
Diparesis was associated with recovery of Corynebacterium sp and nonaureus Staphylococcus in the total sample (Table  S3 ; supplementary material, http://links.lww.com/PDR/A52). The association between Corynebacterium sp and diparesis was statistically significant only among vaginally delivered placenta/child dyads (Table S4 ; supplementary material, http://links.lww.com/PDR/A52). Among those delivered by cesarean section, diparesis was statistically significantly associated with both alpha hemolytic Streptococcus and Mycoplasma sp (Table S5 ; supplementary material, http:// links.lww.com/PDR/A52).
Placenta histologic characteristics. Inflammation of the chorionic plate and the chorion/decidua, and thrombosis of the fetal stem vessels were associated with increased risk of ventriculomegaly, whereas a placenta infarct was associated with reduced risk (Table 3 ). An echolucent lesion, on the other hand, was associated only with decidual hemorrhage and fibrin deposition considered indicative of abruption. Vaginal and cesarean section delivered placentas conveyed similar histologic information about the risk of ultrasound lesions (Table S6 ; supplementary material, http://links.lww.com/ PDR/A52).
Inflammation of the chorionic plate and the chorion/decidua were associated with an increased risk of the diparetic form of CP (Table 4) . Here, too, both vaginal and cesarean section subsamples contributed to this increased risk.
Need organisms that promote visible placenta inflammation to influence risks? Totally, 32% of inflamed placentas (155 of 488) did not harbor a microorganism, whereas 39% of noninflamed placentas (298 of 758) harbored a microorganism. In the entire sample (Table 5 ) and in the vaginal-delivery subsample (Table S7 ; supplementary material, http:// links.lww.com/PDR/A52), the risk of ventriculomegaly was higher when recovery of an organism was accompanied by histologic inflammation than when either characteristic occurred alone. In the cesarean section subsample, the modestly increased risk of ventriculomegaly associated with recovery of an organism was not influenced by the presence of an inflammatory lesion in the placenta. No histologic placenta lesion predicted an echolucent lesion better when an organism was recovered than when it was not.
In the total sample (Table 6) , as well as in the cesarean section subsample (Table S8 ; supplementary material, http:// links.lww.com/PDR/A52), the risk of diparetic CP was most prominently increased when recovery of an organism was unaccompanied by an inflammatory placenta lesion.
DISCUSSION
Summary of key findings. We studied ultrasound lesions because they are the earliest readily evident indicators of brain damage in the preterm newborn. They are also less likely than later manifestations of brain damage, such as CP, to be influenced by postnatal exposures.
A number of our findings are entirely new. First, the recovery of relatively low-virulence microorganisms from the placenta predicted both forms of cerebral white matter damage (ventriculomegaly and an echolucent lesion). Some of the organisms considered typical skin microflora in healthy individuals (e.g., Propionebacterium sp, Corynebacterium sp, and nonaureus Staphylococcus sp) were recovered even from placentas delivered by cesarean section, which are the ones least likely to be "contaminated." Second, the recovery of microorganisms from the placenta predicted quadriparetic and diparetic forms of CP. Third, polymicrobial infections seem to be biologically important in the pathogenesis of white matter damage and later CP. Fourth, membrane inflammation predicted both ventriculomegaly and diparetic CP. Fifth, the microorganisms did not have to elicit an inflammatory histologic response in the placenta to retain their association with diparetic CP. Finally, the risk of ventriculomegaly was heightened by the combination of organism recovery and histologic inflammation.
Influence of route of delivery. We analyzed the microbiologic data in the entire sample and in the subsamples defined by the route of delivery. This enabled us to explore whether phenomena associated with route of delivery modified the association between placenta colonization or infection and ultrasound abnormalities, as well as CP diagnoses. Such effect modification seems plausible for two reasons. First, bacteria recovered from placentas delivered vaginally might reflect contamination during the delivery process; such contamination is less likely with abdominal delivery (28) . Second, the higher rate of bacterial colonization in placentas delivered vaginally might reflect the processes leading to vaginal delivery (e.g., preterm labor; 32) and the effects of repeated digital cervical examinations (33) . Placentas delivered by cesarean section are less likely to be affected by these processes and, therefore, may be considered a "cleaner" sample.
In some situations, the vaginal delivery subsample and the cesarean section subsample provided similar information. For example, the risk of ventriculomegaly associated with multispecies cultures in the vaginal delivery subsample [OR ϭ 1.8 (0.9 -3.5)] was very similar to the risk in the cesarean section subsample: [OR ϭ 1.9 (1.02-3.4) ]. In other situations, the divergence is prominent. For example, the recovery of skin flora organisms was more prominently associated with an echolucent lesion in the cesarean section subsample, whereas the association with diparetic CP was more prominent in the vaginal subsample.
Low-virulence organisms. The nonpregnant uterus often harbors microorganisms (34) . Their biologic significance remains unclear, but the mere presence of bacteria in the nonpregnant uterus raises the possibility that some of the tendency of the pregnant uterus to harbor microorganisms might not differ substantially from the propensity of the nonpregnant uterus to harbor microorganisms. On the other hand, the immunologic suppression that contributes to tolerance of the fetus might allow greater numbers of microorganisms in the gravid uterus than in the nongravid uterus for long periods of time without clinical manifestations (35) .
In contrast, we believe several observations suggest that some of the organisms in the pregnant uterus are biologically important. First, the proportion of placentas that harbored bacteria varies with the indication for preterm delivery. The recovery rate ranges from a low of 25% among cesarean section-delivered placentas of women who had preeclampsia to 79% among placentas of women who had preterm labor at 23 wk (28) . Second, among placentas from pregnancies that ended with preterm labor, the prevalence of microorganisms decreases with increasing age (28, 36) . Third, organisms are preferentially recovered from placentas that have high-grade chorionic plate inflammation and/or fetal vasculitis (neutrophilic infiltration of chorionic plate fetal stem vessels or umbilical cord vessels) (28) . Although some of these are high-virulence organisms, some are low-virulence organisms associated with ventriculomegaly and diparesis. Others have detected bacterial DNA in human fetal membranes, even in the absence of histologic inflammation (37) .
The multiplicity of relatively low-virulence microorganisms associated with white matter damage and CP suggests that the stimulus for the brain damage is not specific. Some low-virulence microorganisms are more likely to produce disease when in the presence of other low-virulence organisms than when alone (38) . Thus, the polymicrobial cultures need not indicate contamination. Indeed, the co-occurrence of multiple low-virulence organisms might explain how they contribute to brain damage.
In our sample, Mycoplasma organisms were associated with an increased risk of diparetic CP but only in the cesarean section subsample. This very limited association calls into question its biologic significance. Nevertheless, a previous study linked Mycoplasma in the placenta with an increased risk of white matter damage in low birth weight newborns (39) , and a more recent report found that preterm infants whose amniotic fluid harbored Ureaplasma urealyticum were at increased risk for CP (40) .
The distinctiveness of diparetic CP. CP occurs much more commonly in children born before 28 wk than in those born at term (41) . Some of the higher prevalence in children born months before term reflects the preferential occurrence of diparesis (42, 43) . Although the vulnerability of preterm-born children for diparetic CP might be because of the vulnerability of paraventricular white matter, the possibility that inflammatory phenomena associated with preterm delivery contribute to the occurrence of diparetic CP is supported by our finding that diparetic CP was predicted by recovery of a single microorganism, skin flora, and polymicrobial cultures, as well as by histologic inflammation of the placenta, even when an organism was not recovered.
We created an algorithm for diagnosing three clinically distinguishable CP types (31) . The observation that diparesis is the CP diagnosis most clearly associated with inflammatory phenomena supports our view that different forms of CP differ in some of their antecedents.
Our finding of an association between histologic inflammation and diparetic CP is new. Thrombosis of fetal stem vessels predicted ventriculomegaly in this study and predicted CP and other neurodisabilities in another study (44) . In that study, "Chorionic plate thrombi were seen only with chorioamnionitis and accounted for the increased risk of neurologic impairment seen with chorioamnionitis." We, too, have found that fetal stem vessel thrombosis occurs preferentially in inflamed placentas, but not exclusively (29) .
Evolution of the inflammation hypothesis of cerebral white matter pathogenesis in the newborn. The hypothesis that bacteria can contribute to white matter damage and CP without entering the brain, first raised more than 30 y ago (5), has been supported and expanded by subsequent reports. First, cytokines are among the noninfectious circulating products of infection that seem to mediate white matter damage and CP (20) . Second, the inflammation can begin before birth (11) . Third, both innate and adaptive immune systems are probably also involved in white matter damage (45) .
The two-hit hypothesis of cerebral white matter damage finds support from observations in immature animals that early exposures to inflammatory factors can increase the susceptibility of the brain to subsequent insults (sensitization) (46, 47) and, under slightly different circumstances, reduce the susceptibility of the brain to subsequent insults (preconditioning) (48) . Our finding that the risk of ventriculomegaly is heightened when the placenta not only harbors an organism but is also histologically inflamed might be an instance of sensitization.
The findings reported here support this view of inflammation-induced damage. The observation that placenta organisms convey risk information about brain damage in the offspring supports the hypothesis that some brain damage in the preterm newborn has its origins in utero. This observation also supports the hypothesis that some of the brain damage is initiated by bacteria, some of which can be typical skin microflora or other low-virulence microorganisms.
We previously suggested that the fetal inflammatory response to intrauterine infection might have two stages (11) . Others have found support for this view (49) . The initial stage, evident before histologic chorioamnionitis is identifiable, might be characterized by the synthesis of early cytokines by fetal endothelial cells. The second stage, accompanied by histologic inflammation of the placenta and umbilical cord, might be characterized by a stronger expression of later cytokines. Because we do not yet have information about circulating cytokines, we do not know when the first stage occurred in any of the children in our sample.
The risk of diparetic CP was increased in infants whose placenta was inflamed (Table 4 ) and in infants whose placenta harbored an organism without any accompanying placenta inflammation (Table 5 ). These observations raise the possibility that some of the placenta inflammation among children who developed diparesis was initiated by something other than a readily cultured and identified bacterium, such as a fastidious bacterium or a noninfectious stimulus (50) .
The risk of ventriculomegaly was heightened by the joint occurrence of organism presence in the placenta and histologic inflammation of the placenta. The risk of diparetic CP, however, was increased in infants whose placenta was inflamed (Table 4) , and in infants whose placenta harbored an organism, but without any further increase if the infant had both characteristics (Table 5 ). These observations raise the possibility that some of the placenta inflammation among children who developed diparesis was stimulated by something other than a bacterium.
In conclusion, extremely preterm infants whose placentas harbor low-virulence microorganisms seem to be at increased risk of cerebral white matter damage and CP. These findings are strong support for antenatal infectious contributions to perinatal white matter damage and its correlates. Our findings also suggest that histologic inflammation of the placenta is not an essential intermediary between microorganism presence and the development of diparetic CP and that biologically significant inflammation of the placenta can occur in the absence of a recoverable microorganism.
